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Abstract
In the face of water shortages, population growth, and climate change, improvements in
wastewater treatment operations and technology are necessary to reduce the over exploitation of
freshwater resources around the world. Conventional wastewater treatment operations have
succeeded in the past to treat industrial and municipal wastewater, however with increasing water
demands and ever-changing environmental regulations, new and improved technology is
necessary for a sustainable future. Membrane filtration and membrane bioreactors have increased
in popularity as a new and improved method for wastewater treatment. Membrane bioreactors as
well as various membrane filtration systems were studied in this report including their unit
operations, applications, and proven removal efficiencies for various wastewater contaminants.
Various wastewater treatment studies have proven membranes and membrane bioreactors have
superior effluent quality compared to conventional wastewater treatment processes with studies
showing ultrafiltration membranes capable of removing 99% and 98% of fats and suspended
substances, and over 94% removal of COD and BOD5 in slaughterhouse wastewater.1 A separate
study comparing an activated sludge (CAS) system, a membrane bioreactor (MBR), and a moving
bed biofilm reactor (MBBR) in the treatment of textile wastewater concluded that the MBR was
the most efficient method of wastewater treatment, of which the chemical oxygen demand (COD),
total suspended solids (TSS), and color removal efficiency were 91%, 99.4%, and 80%
respectively.2
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1.0 The Need for Renewable Water
Billions of people around the world use water in their everyday life, however, over 40% of the
global population do not have access to clean and sufficient water. UN-Water indicates, by the
year 2025, 1.8 billion people will face a water crisis in various countries and regions around the
world.3 In developed countries such as Canada and the United Sates, it is often assumed that there
is an endless supply of clean and fresh water. In fact, Canada holds 20% of the total global
freshwater supply, but more than half of this water is restricted in glaciers, sub glacier lakes, as
well as in underground aquifers. Of the remaining freshwater in Canada, less than half is deemed
renewable. Renewable water is defined as the water found in lakes, rivers, and underground
aquifers that is naturally replenished by hydrological cycle. Even though renewable water is
naturally replenished, the hydrological cycle may be longer or shorter depending on the region and
the existing climate conditions. In some regions, the hydrological cycle is so long that the water
source is deemed virtually non-renewable.4 As the availability of water is restricted by the natural
hydrological cycle, for water to be of particular use, it must be of certain quality, free of pollutants
and substances. Millions of cubic meters of water are used every day in Canada, resulting in an
equal amount of wastewater discharged from homes, businesses, institutions, and industries
directly into the country’s sewer systems.5 Prior to the wastewater being released back into the
environment or intended for reuse, it must be properly treated and follow stringent guidelines set
out by the government of Canada as well as region specific municipal guidelines. The Wastewater
Systems Effluent Regulation SOR/2012-06-29, part of the Fisheries Act of Canada is an example
of a federal statute that manages of protects Canadian resources.
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For the majority of citizens and the various working sectors, wastewater falls into the hands of the
local sewage systems. Municipal wastewater is defined as the wastewater from homes, businesses,
industries, and institutions as well as wastewater from the result of stormwater and melting snow.
This water is the leading source of pollution that affects the country’s freshwater supply.5 Proper
treatment processes must be in place to handle the influx of wastewater as well as to meet the
effluent guidelines set out by local government regulations. Currently, many of the wastewater
treatment facilities in Canada operate using conventional wastewater treatment technology. This
involves the use of primary clarification tanks, followed by aeration tanks, and lastly effluent
disinfection of the wastewater prior to water discharge into the environment.

However,

governmental regulations are ever changing and will likely become more stringent, resulting in a
need for new and innovated technology. Alternatively, the emerging concept of membrane
filtration and membrane bioreactor systems (MBRs) can be more effective in providing an
advanced solution for the treatment of wastewater and meet the increased need for high-quality
water effluents. MBR technology combines aeration, secondary clarification, and filtration all in
one bioreactor which reduces the need for large land space to house the equipment, as well as
provide exceptionally high-quality effluent.6 MBRs are easily retrofitted to already existing
conventional wastewater treatment technology which is a huge advantage when comparing capital
costs associated redesigning existing wastewater treatment facilities.7 Membranes and MBRs
provide superior effluent quality compared to existing wastewater treatments and are an excellent
choice for small on-sight treatment for industries or communities who must meet regional or
municipal guidelines prior to disposal of their wastewater into the local sewage systems.
Membranes and MBRs are an excellent option for large municipal water treatment facilities as
well, providing new and improved technology to enhance their wastewater effluent levels.
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2.0 The Emergence of Membranes and
Membrane Bioreactors in The World of
Wastewater Treatment
Membrane filtration and membrane bioreactors first appeared as a method for wastewater
treatment in 1960. Prior to membranes entering the commercial market, a substantial amount of
research was done on membranes solely for scientific studies, such as to analyse physical and
chemical theories. A primary example is the development of Van’t Hoff’s equation in 1887, where
a Dutch scientist by the name of Jacobus H. Van’t Hoff used membranes to measure osmotic
pressure. Membranes used in early studies were made from natural sources such as the bladders
of pigs or cattle, and castings from fish or sausage, or gum elastics.8 A scientist by the name of
Mortitz Traube (1867) was the first to create an artificial semipermeable membrane made of cupric
ferrocyanide, which was later used by Wilhelm Pfeffer (1877) who precipitated a cupric
ferrocyanide membrane onto the walls of a porcelain vessel. The vessel was used to separate a
solution of sucrose from water, it is there that Pfeffer discovered a flow of water from the water
side to the sucrose side leading to breakthroughs in the research of osmotic pressure.8,9,10 Further
progress in membrane filtration was made by Richard Zsigmondy who developed the concept of
microfiltration in 1918 and went on to develop ultrafiltration membranes in 1922.11 In the 1920s,
microfiltration membranes were commercialized for the bacteriological analysis of water.
However, it wasn’t until the 1960’s that ultrafiltration and microfiltration membranes became
available on a commercial scale and used in wastewater treatment.12 The first membrane
bioreactors were created by a company called Dorr-Oliver Inc., eliminating the need for settling
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tanks in the wastewater treatment process by combining an activated sludge bioreactor with a
crossflow polymeric flat sheet membrane filtration system, located externally in a separate
compartment of the reactor. The pore size of this style of membrane ranged from 0.003 um to 0.01
µm.12 Although a novel idea, these original models had a low economic performance associated
with the high costs of membranes, low value of effluent, and fouling issues. It wasn’t until
significant breakthrough were made by Japanese professor Kazuo Yamamoto at the University of
Tokyo, that created the first immersed hollow fibre membrane bioreactor in the late 1980’s where
the filtration unit was directly immersed within a bioreactor.12 Yamamoto model successfully
stabilized organic matter within the bioreactor and provided effective nitrogen removal.
Yamamoto’s model of an immersed membrane bioreactor proved to be a stable operation for
wastewater treatment which led to its increase in popularity. By 2005, the market for membrane
bioreactors estimated $217 million, and by 2010, it reached $360 million.12 Another pioneer in
wastewater treatment technologies is Andrew Benedek who created the company ZENON
Environmental Inc. in 1980 and went on to become a global leader in wastewater treatment to this
day. The company developed many of the advanced membrane technologies seen today such as
the ZeeWeed ultrafiltration membrane and the ZenoGem Membrane Bioreactor.13,14
Advancements in the development of wastewater treatment technologies have occurred worldwide
including Japan’s Aqua Renaissance ’90 Project which consisted of a 6-year research and
development project geared to creating low-cost treatment processes using bioreactors and
membrane filtration to treat industrial wastewater and sewage.15 Today, companies such as
NewTerra Ltd., FibraCast, and Suez Water Technologies and Solutions are currently dominating
the Canadian market for membrane bioreactors.16
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2.1 Historical Timeline of Membrane and Membrane
Bioreactors

Figure 1. Timeline of the Development of Membranes and Membrane Bioreactors

3.0 Wastewater Contaminants to be Removed
from Municipal and Industrial Wastewater
There are four major parameters that determine the quality of wastewater: organics, solids,
nutrients, and physical properties.17

3.1 Organic Matter in Wastewater and Their Effects on The
Environment
High concentrations of organic matter in wastewater can pose serious harm to the environment.
As bacteria and microorganism decompose the organic matter, they consume oxygen in the
5

process. If organic matter makes its way into the environment, it could deplete the dissolved
oxygen in the water systems and inevitably suffocate the aquatic life. The concentration of
organic-based compounds in wastewater is expressed by the following parameters: Biochemical
Oxygen Demand (BOD), Chemical Oxygen Demand (COD), Total Organic Carbon (TOC), and
Oil and Grease (O&G).17

Figure 1. quantifies the typical concentrations of organics seen in untreated domestic wastewater.
Industries that work with high concentrations of organic material such as the food and dairy
industry tend to have significantly higher values of BOD, COD, and O&G in their wastewaters.

Table 1. Domestic Wastewater typical BOD, COD, TOC, and O&G concentrations 17

3.2 Biological Oxygen Demand (BOD)
The biological oxygen demand (BOD) parameter is used to ensure that there is sufficient oxygen
available in the water for the aerobic decomposition of organic matter. Bacteria and
microorganisms consume organic material as food and as an energy source for their growth and
reproduction, utilizing the available dissolved oxygen (DO) in the process.6 An example is the
decomposition of glucose under aerobic conditions:
𝐶! 𝐻"# 𝑂! + 6𝑂# → 6𝐶𝑂# + 6𝐻# 𝑂

(18)

6

BOD is an indirect method of measurement to quantify the amount of biodegradable organics in
wastewater. The higher the BOD, the higher the organic matter concentration.

Figure 2. is a

standard BOD curve expressing BOD as a function of time. At time = 0, BOD will equal 0 as no
oxygen will have been consumed by the bacteria or organisms. As time goes on, oxygen is
consumed until all the organics are decomposed and stabilized. This point on the curve is defined
as the ultimate BOD value.6

Figure 2. Standard BOD (Biological Oxygen Demand) Curve 6
The mathematical expression to define this curve is:6
𝐵𝑂𝐷$ = 𝐵𝑂𝐷% × (1 − 10'($ )

(6)

Where,
𝐵𝑂𝐷$ = BOD at any time (t), expresses in mg/L
𝐵𝑂𝐷% = ultimate BOD, mg/L
k = rate constant for the reaction
t = time, expressed in terms of days
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A standard BOD5 test is used to determine BOD in wastewater as two thirds of the BODL is usually
consumed within the first 5 days commencing organic decomposition. The BOD parameter is the
difference between the initial BOD at t=0 and the final BOD at t=5 days. A BOD value below 1
mg/L is considered to be pristine water and a value between 2-8 mg/L is considered to be
moderately polluted water. Standard effluent BOD concentrations for wastewater treatment plants
are kept within the range of 20-30 mg/L BOD.18 Standardized testing is performed at 20°C as the
rate of BOD is directly proportional to temperature as seen in figure 3.6

Figure 3. Effects of Temperature on the rate constant K 6

3.3 Chemical Oxygen Demand (COD)
Chemical oxygen demand (COD) is the parameter used to measure the combination of
biodegradable organic matter as well as the nonbiodegradable organic matter. COD tests use
strong oxidizing agents (i.e. solution of 50 % potassium dichromate in 10% sulfuric acid) to oxidise
organic material. The advantage of a COD test is that it can performed in a matter of hours
compared to a BOD test which takes days. The test should be performed as an independent
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measurement of organic matter to a BOD test as COD values will always be higher than that of
BOD concentration for the same sample.17

3.4 Solids
Solids are present in wastewater as both dissolved solid and suspended solids. Dissolved solids
can be inorganic salts, organic molecules, or other dissolved materials. Dissolved solids affect
aquatic organisms in the way that they can shift the salinity, the ionic composition and relative
toxicity of water. This can promote the growth of certain populations of organisms while
excluding others as well as create potentially toxic environments. Dissolved solids are solids that
can pass through a 2.0 µm pore size filter whereas suspended solids cannot. The most common
suspended solids seen in wastewater is due to bacteria, clay, gravel, sand and or silt. Their effects
on the environment are depletion of dissolved oxygen in water, increased water temperatures, and
decrease in survival of aquatic life.19

3.5 Nutrients
Nutrients pose serious risks to the environment as an overabundance of nutrients in wastewater
can result in eutrophication in lakes or other bodies of water. Eutrophication is the accumulation
of nutrient such as phosphorus in aquatic ecosystems. This leads to rapid and increased growth of
algae called algal blooms which depletes the oxygen in the water and causes illnesses and death of
aquatic life. Algae blooms also causes elevated toxicity levels within the water and increases
bacterial growth which can harm humans through contaminated water.20
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3.6 Physical parameters
The most important physical parameters when determining water quality are turbidity,
temperature, color, taste, and odor. Increased turbidity is due to suspended particles that scatter
and absorb light. The suspended particles can be a mixture of clay, silt, organic matter, and or
microscopic organisms. Temperature affects aquatic life in the way that organisms require certain
conditions to live and reproduce. The solubility of oxygen decreases with an increase in water
temperature which could result in asphyxiation of aquatic life due to diminished oxygen supply.
This can be observed in Figure 6 below.6

Table 2. Solubility of Oxygen in Freshwater at Standard Atmospheric Pressure 6
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4.0 Membrane Filtration and Their Use in
Wastewater Treatment
Membrane filtration is an established and valuable method for the removal of particulate matter
from fluids. Significant advancements in their material compositions and unit configurations have
made membrane filtration an effective and efficient method for the treatment of wastewater.
Membranes are increasingly used as a tertiary treatment process that enhances the quality of water
to levels unachieved by primary and secondary wastewater treatment processes alone. Membranes
are also used for prefiltration in reverse osmosis plants and are also replacing conventional
wastewater treatment operations through their use in membrane bioreactors.6 Please refer to
appendix 1 and 2 for comparative data on various membranes used in wastewater treatment.
Membrane filtration involves the use of a semipermeable membrane that prevents particles or
microorganisms from passing through by way of size exclusion. Membrane filtration is a pressure
driven process where fluids and solutes are selectively transported through the membrane where
the driving force for transport is a hydrostatic gradient across the membrane.21 Particles larger than
the filter pores are retained by the membrane filter while allowing water to pass through as a
permeate. The membranes are typically constructed out of a wide range of synthetic materials or
less commonly, inorganic materials such as metals or ceramics. Examples of synthetic materials
used are cellulose acetate, cellulose nitrate, polyamide, polycarbonate, polypropylene, and
polytetrafluoroethylene.22 There are 4 low pressure membranes used in wastewater treatment
which are: microfiltration (MF), ultrafiltration (UF), reverse osmosis (RO), and nanofiltration
(NF) membranes. The membranes are classified based on their pore size as seen in Figure 4 and
are available in various membrane modules.21
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Figure 4. Membrane Filtration Classifications by Pore Size 21

4.1 Microfiltration
Microfiltration membranes have a pore size that range between 0.1 µm to 10 µm and are capable
of removing colloids, particulates, fats, bacteria, and other large, suspended solids. Microfiltration
membranes are most commonly found as flat sheet membranes of which have a high permeability
and a moderate to high operational flux. They are largely available as flat sheet membranes and
are commonly used as emersed membranes in membrane bioreactors for wastewater treatment.,23
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4.2 Ultrafiltration
Ultrafiltration membranes have a pore size between 0.01 and 1 µm. They are capable of removing
viruses, bacteria, pathogens, and suspended solids from wastewater. Ultrafiltration membranes
are typically seen in spiral wound membrane modules or as flat sheet membranes. Microfiltration
nor ultrafiltration can remove dissolved contaminants unless through the use of activated carbon
or coagulants.24,25

4.3. Nanofiltration
Nanofiltration membranes range in pore size between 0.001 and 0.01 µm. They are capable of
removing solutes of low molecular weight such as lactose, glucose, salt, dyes, calcium,
magnesium, and other heavy metals. Nanofiltration is often used to soften hard water as the
membrane is capable of removing divalent ions such as magnesium and calcium.25

4.4 Reverse Osmosis
Reverse osmosis membranes have the smallest pore size of the 4 membranes used in water
treatment. The pores range between 0.0001 and 0.001 µm. Reverse osmosis membranes are very
delicate systems and require wastewater to undergo a pre-treatment process in order to preserve
the integrity of the reverse-osmosis membrane.

Reverse osmosis removes all organic

contaminants, viruses, bacteria, as well as monovalent and multivalent ions. Water filtered through
a reverse osmosis membrane is essentially pure water.25
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To understand the mechanisms involved in reverse osmosis filtration, one must first be familiar
with the process of osmosis. Osmosis is the movement of water through a semipermeable
membrane where the water travels from a solution of low concentration to a solution of high
concentration until equilibrium is reached between both solutions. In reverse osmosis filtration,
both solutions are separated by the reverse osmosis membrane, however, to reverse the flow of
water due to the concentration gradient, an applied pressure greater than the osmotic pressure is
used to reverse the natural flow of water. Pressure forces the water to travel through the membrane
against its natural tendency in osmosis and produces clean water on the other side.25

Figure 5. Reverse Osmosis Mechanism Diagram 25
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4.4.1 Reverse Osmosis and The End to Boil Water Advisories
Reverse osmosis has dramatically changed the lives of many under decade long boil water
advisories, particularly in First Nation territories. The Yellow Quill First Nations community in
Saskatchewan had been under a boil water advisory from 1995 to 2003. In 2003, a biological
treatment and reverse osmosis system was put in place to provide the community with safe
drinking water.25 In charge of designing such system was Dr. Hans Peterson from the Saskatoon
Safe Drinking Water Foundation along with his college Dr. David Schneider from the University
of Alberta. They developed a pilot project coined the Integrated Biological and Reverse Osmosis
membrane treatment (IBROMT) process to provide communities with a feasible and viable
method to treat water and end bring an end to several boil water advisories.25 The system was
installed to treat the community of Yellow Quill’s water which contained high levels of organic
matter, manganese, ammonium, iron, and arsenic.

The process worked by flowing the

contaminated water though transparent pipes and mixing it with grainy clay aggregates. The
aggregates provide a source of substrates for the treatment bacteria to live on. The water is then
fed through reverse osmosis membranes where it provides clean and safe drinking water.25

With the help of researchers, scientists, and advocates, many First Nations communities like the
Yellow Quill have successfully implemented reverse osmosis systems and ended their battles with
boil water advisories. For more information on the development of reverse osmosis filtration
systems for First Nation communities and boil water advisories, read Watered Down Excuse by
Kim Peterson published by the Dominion.25,26
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5.0 Membrane Modules
There are 4 main types of membrane modules used in wastewater treatment, they are plate-andframe, tubular, spiral wound, and hollow fiber membranes.21

5.1 Plate and frame Membrane

Figure 6. Plate and Frame
Membrane Module 21

The plate and frame module consists of a series of flat
sheet membranes clamped together in a sandwich like
manner with an end plate on each side and held together
by a frame-like support. Flat sheet membranes are flat
porous membranes that are typically rectangular in size
with a thickness between 5 and 13 mm. Feed channel
spacers found between the membrane sheets provide
channels of which the wastewater can travel through. The
feed meets the membrane surface and passes through the
porous membrane. Permeate is removed from the system
through a central manifold. The modules are primarily
designed for immersed style filtration systems where the
modules are directly inserted within the wastewater tank
and filtration is performed via suction.21
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5.2 Tubular Membrane Modules
Tubular membrane modules contain thousands of membrane tubes that are grouped together in a
shell-and-tube arrangement. The individual membrane tubes consist of an outer polyester shell
with a selective porous membrane on the inside. The grouped membranes are contained within
the module by a plastic outer shell. The internal diameter of the membrane tubes is generally
between 5 to 25 mm, with a length between 0.6 to 6 meters.27 The fluid to be filtered is fed through
the inner membrane tubes of the module via cross flow where it encounters an increase in pressure
that drives water through the membrane, producing permeate on the shell side of the tube where it
is then removed from the system. The excluded particulate matter or concentrate exits the tube
from the other end where it is reintroduced into the fluid tank in preparation to be recirculated.
Tubular membranes are typically used in wastewater treatment as side stream operations where
the tubular membrane modules are installed vertically or horizontally in series in a separate unit to
the main wastewater holding tank.21 Tubular membranes usually operate in the inside out
configuration where the feed is fed through the inner tubes and permeate flows out to the outer
shell. The modules can also operate in an outside-in configuration where the feed is supplied to
the outside of the tubes and the permeate flows into the tubes and out of the system. For this
configuration, the discriminating layer of the membrane must be located on the outside of the
individual tubes.21,27
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Figure 7. Tubular Membrane Module 27

5.3 Spiral Wound Membranes
Spiral wound membranes consist of flat sheet membranes wrapped around a central permeate
collection tube, housed within an outer module shell. The membranes are layered in a sandwich
like manner with channel spacers and permeate collection material to allow permeate to flow
between and towards an inner perforated collection tube. Feed solution is fed axially along the
membrane module through the feed spacers where it flows in a crossflow turbulent manner along
the membrane sheets. Pressure forces water through the membrane producing permeate. The
permeate flows through the membrane and spirals down and into the central collection tube where
it is removed from the module.28
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Figure 8. Spiral Wound Membrane Module 29

5.4 Hollow Fiber Membrane Module
Hollow fiber membranes consist of thousands of individual hollow fiber filaments that range in
diameter between 1-3.5 mm, housed within an outer shell, typically PVC. The hollow fibers are
coated on the outside with the designated membrane and have an internal porous support. The
module is available to be used with microfiltration, ultrafiltration, nanofiltration or reverse osmosis
membranes. They operate in a similar fashion to tubular membranes via the inside-out flow
configuration, or outside-in configuration for permeate flow.30
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Figure 9. Hollow Fiber Membrane Module 31

6.0 The Mechanisms Behind Membrane
Filtration
6.1 Dead-End Filtration and Cross Flow Filtration
There are two flow configurations in membrane
filtration. Membranes can either operate in a dead-end
flow or cross flow configuration.

Dead-end flow

configuration is when the feed is pushed through the
membrane via an applied pressure. The flow of water
is perpendicular to the membrane filter.

Unfiltered

particles are retained on the membrane surface while
water is allowed to pass as permeate.32 The

Figure 10. Dead-end Filtration 32

accumulated particles on the membrane surface creates

20

a cake layer which requires routine cleaning.
After a certain amount of time, the membrane will
face a decrease in flux due to the accumulated
cake layer which resists the flow of water through
the filter.32,33

This behaviour is observed in

Figure 11. A decrease in flux is associated with a
clogged filter and is a good indication of a filter
that requires cleaning. Due to the accumulation of
retained particles on the membrane’s surface

Figure 11. Filtrate Flux Rate vs.
Volume Filtered for Dead-end
Filtration 33

when operating in dead-end flow, there is an
increase in operating costs associated with routine cleaning when operating in this flow
configuration. As water filtration is stopped during the cleaning process, dead-end filtration is a
discontinuous process, or referred to as a batch process. Although dead-end filtration requires
frequent cleaning, there are many advantages when operating in this configuration.32 Dead end
filtration requires lower amounts energy to operate compared to cross flow configuration as all the
energy is spent directly into forcing the wastewater through the membrane whereas in cross flow
filtration, energy is spent pumping wastewater along the membrane surface, maintaining
appropriate transmembrane pressure, as well as the added energy due to the recirculation of water.
As the flow of water is perpendicular to the membrane in dead-end flow, there is no need for water
recirculation and wastewater is effectively treated after a single pass through the membrane. This
allows for a smaller footprint for the membrane process due to the lack of recirculation valves,
pumps, and tanks. Dead end filtration is best suited for process streams that contain lower
concentrations of suspended solids due to their susceptibility for membrane buildup.32
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6.2 Cross Flow Filtration
Cross flow filtration is when the flow of fluid runs
parallel to the membrane surface. The driving
force for the movement of fluid through the
membrane is due to the difference in pressure on
either side of the membrane.32 The pressure
differential can be caused by the force of This is
Figure 12. Cross Flow Filtration 32

referred to as transmembrane pressure. The feed
water passes along the membrane which slowly

turns into concentrate while the permeate flows out of the stream perpendicularly to the feed flow,
which is why the process is referred to as cross flow. This configuration can also be referred to as
tangential-flow filtration. Cross flow filtration is best suited for process streams containing high
concentrations of particulate matter. The turbulent flow of the process stream as well as high flow
rates, helps remove any buildup upon the membrane surface. This allows cross flow filtration to
require less cleaning due to the decrease in membrane fouling compared to dead-end flow.
However, cross flow filtration is associated with higher operating costs due to the need for
recirculation equipment as proper separation of wastewater contaminants is not achieved by a
single pass along the membrane filter.32 The main advantages of cross flow filtration are that the
tangential flow of feed along the membrane inadvertently scours the membrane surface, freeing it
from any buildup, as well as having a higher liquid removal rate due to more consistent membrane
flux.33 This behaviour is depicted in Figure 13. Cross flow Vs. Volume Filtered. Cross flow
configuration can be applied for tubular, plate and frame, spiral wound, and hollow fiber
membrane modules.32
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Figure 13. Filtrate Flux vs Volume Filtered
for Cross Flow Filtration 33

6.3 Membrane Flux
The amount of permeate produced per unit area of membrane per unit time is called membrane
flux and it is a very important parameter when working with membranes and membrane filtration.
Typically, it is expressed as LMH, litres of water per square meter of membrane per hour.
Microfiltration and ultrafiltration have the greatest membrane flux due to their large pore size.
Membrane flux can vary between membranes depending on their structural material and pore size,
as well as the properties of the substances within the wastewater. Flux is also affected by the
temperature of the feed water and transmembrane pressure.21,34 Please refer to section 6.4 for more
information on transmembrane flux.
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Flux increases when the temperature of the feed is increased due to the decrease in water
viscosity. The relationship between flux, viscosity, transmembrane pressure, and temperature can
be observed in Figure 8 below. The data was achieved through a pilot-scale ultrafiltration system
used to treat emulsified oil wastewater from a household appliance factory.35

Figure 14.Oil Wastewater Study, Flux vs. Transmembrane
Pressure/Viscosity 35
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The wastewater was determined to have an initial concentration of 1500 mg O2/L COD and a total
hydrocarbon concentration of 170 mg/L. A spiral wound ultrafiltration membrane was used with
a feed crossflow of 2 to 5 m3/min.19 The temperature of the feed was controlled by a heat
exchanger.35

Figure 15. Process Flow Diagram of Oil Wastewater Study 35

Figure 8 depicts the linear relationship between transmembrane pressure and flux as well as the
relationship between viscosity and flux at different temperatures. When temperature increases,
the viscosity of the wastewater decreases, resulting in an increase in flux. This relationship is
inversely proportional as defined through the relationship with Darcy’s law35:
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𝐽=

𝜂(𝑅)

∆𝑃
* + 𝑅+ )

(35)

Where,
J = flux
𝜂 = solution viscosity
R’m = the membrane resistance including resistance due to fouling layer.
DP = difference in transmembrane membrane
As transmembrane pressure increases, flux increases in a linear fashion.

The relationship is

connected back to the modified equation for Dalton’s law stated above where flux is directly
proportional to the applied pressure and inversely proportional to wastewater viscosity.35 The
relationship between water viscosity and temperature is depicted in the graph below.

Figure 16. Dynamic Viscosity vs. Temperature of Water 36
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For wastewater treatment purposes, biological treatment operates optimally between 20°C and
37°C. Wastewater temperature lower than 20°C results in a decrease in digestion rate whereas
increased temperatures can destroy the treatment bacteria and render the process ineffective.
Control of wastewater temperatures is performed through thermoregulatory devices such as heat
exchangers or industrial chiller systems.37

6.4 Transmembrane Pressure
Transmembrane pressure (TMP) is the difference between the average feed and concentrate
pressure, and the permeate pressure as defined by the equation below38:
𝑃, − 𝑃𝑇𝑟𝑎𝑛𝑠𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = C
E − 𝑃.
2

(38)

Where,
PF = feed pressure (psi)
Pc = concentrate pressure (psi)
PP = permeate pressure (psi)

The transmembrane pressure is the net driving pressure on the surface of the membrane and is the
driving force pushing the wastewater through the medium.

For hollow fiber and tubular

membranes, wastewater is pumped through a feed port of the membrane module and flows across
the membrane and exits by a retentate port located at the other end of the membrane module.
Wastewater flowing through the narrow feed channel creates a pressure drop between the entry
and exit ports of the module. This transmembrane pressure is the driving force for the system and
can be controlled by increasing or decreasing the crossflow velocity or by restricting the tube at
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the retentate port. For immersed style membranes, suction or vacuum pumps are used on the
permeate side of the membrane in order to create a transmembrane pressure differential.33, 39, 40

Figure 17. Laboratory Scale External Membrane Filtration System, Cross Flow Filtration for
Hollow Fiber, Tubular, or Spiral Wound Membrane 33

Figure 18. Immersed Style Membrane Filtration System, Cross Flow Filtration 40
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Clean membranes will have a low TMP value. As filtration proceeds, particles accumulate on the
surface. The accumulation of particulate matter on the membrane surface is called membrane
fouling, resulting in an increase in TMP value due to an increase in filtration resistance.39, 41 The
resistance to fluid flow creates an increased pressure drop (DP) across the membrane. Although
microfiltration, ultrafiltration, nanofiltration and reverse osmosis are low pressure driven systems,
pressure drop across the membrane should be carefully monitored as excessive pressure drop can
damage to the membrane and membrane failure. The operating pressures for microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis is depicted in table 4 below.
Table 3. Membrane Processes and Corresponding Driving Force 42
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7.0 Membrane Fouling and Fouling Control
Fouling occurs when rejected particles accumulate on the membrane surface as well as within the
membrane pores. Membranes used in municipal wastewater treatment systems often become
clogged with aggregated filamentous matter which is termed ‘ragging’ or ‘braiding’.43 Fouling
directly impacts permeability and the performance of membrane filtration systems and must be
properly monitored.

Figure 19. Fouling Upon Membrane Surface, Cake Build Up 21

Figure 20. Fouling Within Membrane 21

30

Failure to control or reduce fouling results in an increase in operating costs, maintenance, or
complete membrane failure. Membrane fouling can be reversable through physical and chemical
means, however there are instances where fouling is irreversible. Physical removal of foulants
typically involves backflushing where the permeate flow is pushed back through the membrane.
Membrane relaxation is another method used primarily for immersed membrane filtration systems
where the flow through the membrane is ceased and the membrane is scoured with air bubbles
provided by an air diffuser below the membrane units.21

Physical cleaning removes fouling upon the membrane surface but is not effective in removing
material within the pores of the membrane. Chemical cleaning employs oxidative chemicals such
as sodium hypochlorite, in combination with mineral or organic acids such as citric acid to
chemically remove foulants within the membrane itself. Membranes can either be cleaned within
the tank or by removal from the system to cleaned separately. The chemical cleaning process
requires high concentrations of reagents as well as proper contact times to effectively clean the
membranes.21
Table 4. Chemical Cleaning Agents Used for Membrane Cleaning 44

31

Once a virgin membrane is in use and is fouled through normal use and operation, the original
membrane permeability will never be recovered. This is referred to as irreversible fouling.
Irreversible fouling occurs over a number of years. No amount of physical or chemical cleaning
methods will return the membrane to its original permeability. Contaminants or pollutants within
wastewater may build up over a number of years and alter or degrade the membrane material
resulting in irreversible fouling.21

8.0 Applications of Membranes in Potable Water
Purposes
Membranes play an important role in the treatment of wastewater primarily dedicated to the
treatment of potable water. The biological safety of potable water is of utmost importance to human
safety. Water may contain dangerous microorganisms and or pathogens which could cause
epidemic effects if found in industrial wastewater and more importantly, in municipal water.
Effluent disinfection is the most important process in wastewater treatment in preventing the
spread of waterborne diseases. Chlorination is the most common used technique in effluent
disinfection around the world. The addition of chlorine or chlorine compounds to drinking water
is used to kill or deactivate any organisms or pathogens that may be harmful to humans. To
accomplish this, the chlorination process and or other forms of effluent disinfection, is part of the
final treatment process in wastewater treatment. It is often referred to as the tertiary phase in
wastewater treatment. Municipal wastewater facilities in Toronto Canada use Sodium
Hypochlorite in their final effluent treatment process followed by the use of Sodium Bisulphite to
remove any excess chlorine from the effluent prior to discharge into Lake Ontario.45 Although
chlorination has proven to be a reliable form of treatment for municipal wastewater in the past,

32

concerns are growing around the emergence of chlorine resistant organisms in wastewater.
Cryptosporidium (or “Crypto”) is an example of an extremely chlorine-tolerant parasite that is
present in lakes, streams and reservoirs worldwide, contaminated by human or animal waste.
Concerns surrounding water chlorination and chlorine resilient organisms resulted in the
development of alternative disinfection techniques such as membrane filtration for portable water
purposes. Parker Dominick Hunter filters by Thames Water Utili- ties Ltd. R.B. Slade, J.S. Slade,
GR. Fricken is an example of a company that designs and develops membranes specifically
targeting the removal of Cryptosporidium in drinking water.46

Figure 21. Parker Dominick Hunter Membranes 46
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4.0 Membrane Bioreactors (MBRs) for
Wastewater Treatment
Membrane bioreactors combine the use of biological treatment processes along with membrane
filtration in order to treat wastewater. A suspended-growth activated sludge treatment process
introduces bacteria and microorganisms into the wastewater to remove nutrients and organic
matter through metabolization of the contaminants and converting them into biomass.21 As the
bacteria and microorganisms consume the contaminants, they grow in size and form particles that
clump together which are referred to as flocs.

Conventional wastewater treatment (CAS)

operations use clarifier tanks to perform the necessary solid-liquid separation of the biomass and
treated wastewater. Clarifier tanks rely on the gravity settling capabilities of flocs which gather
at the bottom of the tanks that are subsequently removed by mechanical means such as sludge
scrappers.4,23 MBRs replace the need for clarifying tanks by incorporating membrane filtration in
order to perform the necessary liquid-solid separation of the wastewater.6 MBRs provide superior
effluent quality compared to conventional wastewater treatment operations resulting in many
industrial and municipal wastewater facilities around the world upgrading to MBR technology for
the treatment of their wastewater. Refer to appendix 3 and 4 for comparative studies on the use of
MBRs vs. CAS wastewater treatment operations.

MBR Main Configurations
There are two main configurations for MBRs, there are immersed MBRs and external MBRs.
Immersed MBRs operate by grouping membranes onto frames or racks of which are directly
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immersed within the bioreactor tank where biological treatment takes place. Hollow fibre and flat
sheet membranes are the most commonly used membranes for this type of configuration of MBR.
They operate via crossflow filtration configuration and use vacuum suction systems to maintain
the appropriate transmembrane pressure for optimal flux.21 The membranes draw out water from
the bioreactor, separating the biologically active sludge from the treated wastewater. Coarse
bubble diffusers installed below the membranes provide various functions to the membrane
bioreactor. The upwards movement of bubbles provides the necessary cross flow movement of
water for immersed style reactors, pushing the wastewater vertically along the hollow fiber
membranes or plate and frame membrane. In order for hollow fiber membranes to operate as
immersed style membranes, the discriminating side of the membrane must be located on the
outside of the filaments. Air bubbles also provide the necessary air for biological treatment and
provide agitation to mix the wastewater throughout the bioreactor.21

Figure 22. Immersed Style MBR Configuration 21
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External MBRs, or side stream MBRs, operate by having the membrane unit separate from the
bioreactor. Tubular membranes are the most commonly used membrane configuration for external
MBRs. They can operate under suction or pressure depending on the location of the discriminating
layer of the membrane. Prior to the treatment of wastewater in an MBR, the wastewater must first
go through a series of preliminary treatments in order for the system to maintain balance and to
remove large debris that could damage the life of the membrane and the bioreactor unit.21

Figure 23. Side Stream MBR configuration 47

5.0 Primary treatment
5.1 Course Screens
The first step in any wastewater treatment operation is the removal of large debris that could
potentially clog pipes or cause damage to mechanical equipment further down the treatment line.
Trash racks, made of equally spaced parallel metal bars installed vertically or at an incline, retain
incoming large floating debris, suspended solids, and inert materials.6 The distance between each
parallel bar can range between 2 to 6 inches and they are mechanically cleaned by a hydraulically
operated rake system.48 After the trash rack, the wastewater makes its way through course screens,
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also known as bar screens. These screens have smaller openings between bars ranging between 1
to 3 inches.48 Similar to trash racks, bar screens are often cleaned automatically in large scale
wastewater treatment facilities and in small treatment plants, they can either be cleaned
mechanically or manually. For manually cleaned bar screens, bypass channels are required. A
mechanical shredding device called a comminutor is often installed after the bar screen to shred
any incoming material that made its way through the screen of which will later be removed by the
MBR.6
Velocity is an important variable monitor to ensure contaminants are properly trapped by the
screen and not pushed through when the incoming flow is too fast. A minimum velocity of 0.45
m/s is required for manually cleaned screens and a velocity of at least 0.4 m/s for mechanically
cleaned course screens.48 The approach velocities are typically specified by the manufacturer. The
values are a general basis for the velocity through course screens to prevent the deposition of solids
within the channels. The maximum approach velocity of wastewater should be not be more than
0.9 m/s as this can result in an increased of debris that can be pushed through the screens.48
The velocity through a bar screen can be determined by the equation:
0
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 L𝑚 M𝑠N
𝑉/ =
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑐𝑟𝑒𝑒𝑛 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑠 (𝑚# )

(48)

Where the area of screen is determined by:
𝑁123/ =

𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑤𝑖𝑑𝑡ℎ − 𝑏𝑎𝑟 𝑠𝑝𝑎𝑐𝑖𝑛𝑔
𝑏𝑎𝑟𝑠 𝑤𝑖𝑑𝑡ℎ + 𝑏𝑎𝑟𝑠𝑝𝑎𝑐𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑟 𝑠𝑝𝑎𝑐𝑒𝑠 = (𝑁123/ + 1)

(48)

(48)

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑐𝑟𝑒𝑒𝑛 𝑜𝑝𝑒𝑛𝑖𝑛𝑔𝑠 = (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑎𝑟 𝑠𝑝𝑎𝑐𝑒𝑠) × (𝑏𝑎𝑟 𝑠𝑝𝑎𝑐𝑖𝑛𝑔) × (𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑝𝑡ℎ)𝑚# (48)
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Course screens are usually cleaned automatically by mechanical means in regular timed intervals.
If the velocity through the screen exceeds 0.9m/s, this would indicate a clogged screen and would
require cleaning.48

Head loss is another property that is important to regulate when working with screens. Head loss
is the difference in water height between the approaching stream, and the stream exiting the screen.
Operational controls usually specify that head loss should not exceed 6 inches for a course screen.48
Head loss is important to maintain as a significant drop in water level after a screen can lead to
changes in wastewater velocity which can affect downstream processes as well as cause pump,
membrane, and other equipment damage. Head loss can be expresses using Bernoulli’s equation
which is a function of the approach wastewater velocity and the velocity of the water passing
through the screen. The depth of water downstream of the screen is subtracted from the depth of
water upstream which provides the total head loss through the course screen.48
𝑇𝑜𝑡𝑎𝑙 𝐻𝑒𝑎𝑑 𝐿𝑜𝑠𝑠 = 𝐻% 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 − 𝐻% 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚
𝐻% =

1 𝑉/# − 𝑣 #
X
Z
𝐶4
2𝑔

(48)

(48)

Where:
HL = head loss (meters)
Cd = discharge coefficient which may be between 0.70-0.84 for a clean screen, 0.6 for a clogged
screen
Vs = Velocity through the screen
v = upstream approach velocity (m/s)
g = acceleration due to gravity (9.81 m/s2)
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5.2 Grit Chambers
After course screens, long narrow tanks called grit chambers are used to remove gritty material
such as sand, gravel, mineral material, or anything that can cause heavy deposits in the pipes,
pumps and or mechanical equipment. Grit chambers are specially designed long narrow tanks
where the velocity of the wastewater is diminished to around 0.3 m/s to allow grit to naturally
settle out of the water by gravity and allows the lighter suspended solids to be travel on to the next
treatment process.6, 48

5.3 Fine screens for MBRs
When existing wastewater treatment facilities, such as municipal wastewater treatment plants, are
retrofitted with membranes or switching to MBRs, large debris that could possibility damage the
membranes are already removed by the existing preliminary and primary treatment operations
already in place such as coarse screens, grit chambers, and primary clarifiers. Fine screens located
usually at the end of the preliminary treatment process removes smaller wastewater contaminants.6

Figure 24. Process Flow Diagram of Pre-treatment Processes Prior to MBR Treatment 21
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When working with MBRs, the installation of fine screens is of primary importance to protect the
longevity of the membranes. Fine screens consist of very small metal bars that are interlocked to
provide uniform size openings. Fine screens ranging from 1 – 3 mm in opening size is usually
required for all MBR units. The exact opening size for fine screens is usually specified by the
membrane manufacturer. Common fine screens for MBRs are center-feed band screens, rotary
drum screens, rotary basket screens and microscreens. There should be a minimnum of two screens
for MBR operations, an upstream fine screen with larger openings followed by a second fine screen
with smaller openings.48

5.4 Flow equalization
Fluctuations in the volume of wastewater entering the membrane bioreactor must be taken into
consideration when designing an MBR. If there is a sudden influx of wastewater entering the
system due to storms or flood, or simply the variation of influent wastewater throughout a normal
operating day, the water in the bioreactor may rise which can lead to overflow of wastewater in
the bioreactor or cause reverse flow of wastewater into upstream processes.49 The lack or excess
of water in a bioreactor can also alter the balance of the system in respect to the bacteria to
wastewater ratio or harm the operating equipment. The influent flow of wastewater into a
treatment system can change throughout a day, therefore a system must be in place to handle the
peaks and dips of wastewater flow and ensure a constant rate or pollutant loading into the
bioreactor despite the wastewater fluctuations. In large scale wastewater treatment plants, primary
sedimentation tanks or primary clarifying tanks act as flow equalizers for subsequent processes.
For small scale MBR systems, equalization tanks account for the changes in wastewater flow
patterns and provide a steady flow of wastewater to the bioreactor.49 They are typically installed
after the screens and grit chambers in the treatment process. There are two design alternatives for
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flow equalization. There can be an external equalization tank/basin ahead of the bioreactor tank,
or an internal equalization system incorporated into the bioreactor. The determination of the size
of an external equalization tank is determined below 49:

Step 1. Measure the flowrates of wastewater every hour over an operating day. Then determine
the average flowrate over the 24hr period.

𝑄=

∑𝑞
= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑚0 ⁄𝑠) (49)
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Step 2. Determine the average volume of wastewater to be treated based on the average flow rate
“Q”. This is the average volume of wastewater that is to move out of the equalization tank
and into the bioreactor.

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑚0 ⁄𝑠) × 3600 𝑠⁄ℎ𝑟 × 1ℎ𝑟

(49)

Step 3. Determine the volume of wastewater to be treated based on the flow rate for every 1hr time
interval.

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑓𝑙𝑜𝑤 (𝑚0 ⁄𝑠) × 3600 𝑠⁄ℎ𝑟 × 1ℎ𝑟

(49)

* Note: tabulate your results beginning with the flow rate that exceeds “Q”. For example, if the
flow rate at 8 am is greater than the average flow rate, Q, then begin to tabulate your results
starting from 8 am down to 7 am the following day to represent a 24-hr operating period.
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Step 4. Determine the amount of excess wastewater needed to be stored for each 1hr interval. In
the hours where the volume of the influent wastewater is less than the average wastewater
flow, the value will be negative.

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 𝑡𝑜 𝑏𝑒 𝑠𝑡𝑜𝑟𝑒𝑑 = 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚0 ) − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚0 )

(49)

Step 5. Determine the cumulative volume of storage by adding the storage volumes (m3) beginning
with the flow rate that exceeds the average flow rate Q.

* Note: the last value for the cumulative sum will be zero as the equalization tank is theoretically
empty to begin the next cycle.

Step 6. Determine the equalization tank volume by taking the maximum cumulative storage and
apply an excess of 20% - 50% for unforeseen fluctuations in wastewater flow.

An alternative method to determine the volume of an equalization tank is to create an influent mass
diagram, plotting cumulative influent wastewater volumes per hour. The required equalization tank
volume will be the distance between the two highest peaks.49
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Figure 25. Graphical Method for Determining Volume of Equalization Tank 49

6.0 Biological Treatment of Raw Wastewater
Almost all wastewater treatment operations use a biological treatment process to remove
biodegradable organic material from the wastewater. MBRs use an activated sludge process much
like those in conventional wastewater treatment operations. The activated sludge treatment process
consists of the addition of a specially selected population of mixed bacteria into the influent
wastewater to biologically remove the contaminants.6 The process is performed in either an open
tank or a closed tank free of oxygen. In open tanks, bubble diffusers create an aerobic environment
where the bacteria can decompose the organic matter through biological oxidation and or
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biological synthesis of the organic matter. Oxygen is infused into the wastewater for the respiration
of bacteria as well as to help keep the microbial flocs in suspension.21 The constant state of
suspension increases the contact between the wastewater and bacteria as well as maximizes the
distribution of oxygen throughout the bioreactor. By agitating the water within the tank, metabolic
end-products trapped within the flocs or biomass can be effectively removed as well. Biological
treatment can also be performed in the absence of oxygen known as an anerobic environment.
Anerobic MBRs are used for energy and power production as methane rich biogas can be retrieved
through the anerobic decomposition of organic matter.50,51

During biological oxidation, organic matter is oxidized in the presence of oxygen and produces
CO2, HCO3-, H2O, NO3-, SO42-, and phosphates in the process.52 The general chemical reaction
for the oxidation of organic matter is provided below.

𝐶𝐻# 𝑂 + 𝑂# → 𝐶𝑂# + 𝐻# 𝑂

(53)

CH2O represents a general organic compound. Organic compounds are present in many different
forms and may contain several different chemical elements, the reaction may produce inorganic
matter and organic nutrients on top of the carbon dioxide and water produced.54 Biosynthesis of
organic matter is another process that occurs within the bioreactor where bacteria consume organic
matter through anabolic reactions, creating new bacterial cells in the process. The combination of
end products from the oxidation of organic pollutants and the formation of new bacterial cells is
called activated sludge. The treated wastewater is subsequently removed from the activated sludge
in the MBR via membrane filtration in either immersed style or side stream filtration.21
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6.1 Nitrogen Removal
The removal of nutrients in wastewater such as nitrogen is performed through a two-step process
called nitrification followed by a separate process called denitrification. Nitrogen in wastewater is
primarily found in the form of ammonia and in low concentrations of nitrates, nitrites, and
organically bound nitrogen.21 During the nitrification process, autotrophic bacteria called nitrifiers
first oxidize ammonia into nitrate. Then the nitrate is oxidized to nitrite. The bacterial cells also
grow and multiply, forming more nitrifiers. As the reaction requires molecular oxygen, the process
must be carried out in an aerobic tank. The nitrification process is provided below:

Step 1:

(55)

Step 2:

(55)

During the denitrification process, heterotrophic bacteria called ordinary denitrifies, act as electron
donors to nitrates and nitrites, reducing them to nitrous oxide and or nitrogen gas. This process
occurs in anoxic environment, free of molecular oxygen (O2). Heterotrophic bacteria also use the
nitrogen containing organic material for energy and substrates for cellular growth, increasing the
population of denitrifies in the bioreactor tank.22,54

Nitrification and denitrification occur in different environments, on in the presence of oxygen
(aerobic conditions) and the other in the absence of oxygen (anoxic conditions). To accommodate
the dual conditions for nitrogen removal as well as provide an aerobic environment for BOD
removal, MBRs can be designed with split bioreactor tank configurations as seen below.21
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Figure 26. Deoxygenation Zone, Anoxic Zone, and Aerobic Zone MBR 21

6.2 Phosphorus Removal
The phosphorus in wastewater is mostly in the form of orthophosphate and the rest is in low
concentrations of salt and metal containing phosphates called condensed phosphates. Low
concentrations of organic phosphates from human and food wastes are also present in the
wastewater.21 The removal of the phosphorus is done by alternating the wastewater through
anaerobic and aerobic conditions. Depending on the composition of wastewater influent, different
MBR designs are available to target certain wastewater contaminants. For phosphorus removal,
the MBR must contain an anerobic zone. This differs from anoxic environments where nitrogen
containing molecules are present.57 To create an anerobic environment, the biological treatment
occurs in a sealed airtight bioreactor containing specially chosen anaerobic bacteria such as
phosphorus accumulating organisms or PAOs. When the feed enters the anerobic tank, the PAOs
hydrolyse their reserves of polyphosphates (poly-P) and glycogen which provides energy to the
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cell in the form of ATP.58 The ATP is used by the PAOs to consume volatile fatty acids (VFAs)
such as acetic acid and utilize the VFAs as carbon substrates for cellular growth. Volatile fatty
acids are found in wastewater from the natural fermentation of organic material in the
wastewater.58,59 Acetic acid is deprotonated to acetate which undergoes fermentation and is
converted to polyhydroxyalkanoates (PHAs) by the bacterial cell along with the release of
phosphate molecules. PHAs are stored within the bacterial cells as a source of energy.59 The acetic
acid dissociation reaction is as follows:
𝐶𝐻0 𝐶𝑂𝑂𝐻 + 𝐻# 𝑂

𝐶𝐻0 𝐶𝑂𝑂' + 𝐻0 𝑂5

(52)

Figure 27. Phosphorus Removal Mechanism in Anaerobic and Aerobic Zones 58

After the anaerobic phase, the wastewater is transferred to an aerobic tank where the PAOs undergo
a metabolic shift from the change in environment and use the accumulated energy generated from
the previous anaerobic process to replenish its poly-P and Glycogen reserves.58 The bacterial cells
absorb phosphate ions in the wastewater to form large poly-P chains, exceeding the amount of
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phosphate released in the anaerobic zone. In this process, often called enhanced biological
phosphorus removal (EBPR), PAOs accumulate more phosphates then previously released
resulting in a significant decrease in phosphorus concentration within the wastewater. An MBR
designed for nutrient removal will contain different tanks where anoxic, anaerobic, and aerobic
environments can exist to enhance the removal of nutrients from municipal and industrial
wastewater.58

Figure 28. Anaerobic, Anoxic, and Aerobic MBR Configuration 60

6.3 Activated Sludge and The Ability of MBRs to
Operate at High MLSS Concentrations
Upon entering the bioreactor, the bacteria and microorganisms consume the organic matter within
the wastewater. They aerobically or anaerobically decompose the organic matter and in the
process, they grow and multiply within the reactor. The newly assimilated organisms continue the
biological treatment process in a continuous cycle, as long as organic matter and oxygen is present,
depending on the biological treatment i.e., aerobic or anaerobic decomposition. The growing
population of organisms in the wastewater creates an active suspension of bacterial cultures called
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activated sludge. Raw wastewater enters the tank, it mixes with the activated sludge creating a
mixture of wastewater and biological solids which is known as mixed liquor. The concentration of
suspended solids in the mixture is defined as mixed liquor suspended solids (MLSS)
concentration.6 Large flocs settle to the bottom of the reactor where the sludge is pumped out of
the system. A portion of the sludge is returned back to the system to maintain the biological
treatment process, and the rest is treated and disposed of. In conventional wastewater treatment
systems, the retention time of the sludge and the MLSS concentration are limited by the settling
velocity of the flocs in the secondary sedimentation tank.6 Since the final effluent in an MBR
wastewater treatment system is produced via membrane filtration rather than a secondary
clarifying tank that relies on gravity settling mechanisms, MBRs can operate at higher MLSS.6,21
By operating at high MLSS concentrations and eliminating the secondary clarifier tank, MBRs are
significantly smaller in unit size. The small unit size is one of the main advantages of MBRs and
why they are acquired by companies who require on site wastewater treatment and who lack the
land area for conventional wastewater treatment operations.

Immersed membrane bioreactors

MLSS concentrations are usually between 8 000 to 12 000 mg/L. It is only when MLSS
concentrations are greater than 30 000 mg/L that the wastewater encounters filtration resistance
and fouling at the membrane.21
A research article in the International Journal of Water and Wastewater Treatment: A Preliminary
Comparative Analysis of MBR and CAS Wastewater Treatment Systems by Karim MA and James
L Mark, published in March 2017, compared the costs of treatment plant designs, construction,
operation, and maintenance for both MBR and CAS systems at different plant capacities. The data
was collected from various treatment plants across the United States over 2016. A specially
designed engineered analysis formula was derived to accurately compare the various wastewater
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treatment facilities since each plant was built in a different year and the need of each community
using these systems were different.61

Figure 29. Comparative Graph of Footprint (acre) vs. Capacity (MGD) for CAS and MBR
Wastewater Treatment Operations 61

7.0 The upgrade to Membrane Bioreactors
around the world
The largest MBR facility in the world is held in Stockholm Sweden. The Henriksdale wastewater
treatment plant upgraded their facility with MBR technology. 14 secondary clarifiers were
retrofitted with SUEZ LEAPmbr technology capable of treating 535,680 m3/day of wastewater
with peaks in the range of 864,000 m3/day. The plant is designed to treat anticipated wastewater
treatment needs until the year 2040.62
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The largest MBR facility in Canada is currently on route to be developed in Barrie, Ontario.
Recent changed to the phosphorus effluent limits for Lake Simcoe meant that the municipal
wastewater treatment facility of Barrie required an upgrade in its treatment operations. The facility
is upgrading to ZeeWeed* 500D MBR technology with an anticipated construction and operation
between 2022 and 2023. The facility receives on average 76 MLD of daily wastewater flow. The
new system will be a dual treatment operation with the ZeeWeed* 500D MBR technology treating
55 MLD and the remaining wastewater will be treated through the conventional wastewater system
already in place.63

Smaller scale MBR treatment operations are emerging all over Canada and the world. The small
community of Bay Meadows along Lake Ontario had a failing septic system and were put under
an order by the ministry of environment (MOE) stating that they were no longer able to use the
subsurface discharge bed. They community upgraded to a 40’x16’ MBR system through a
company called NewTerra Ltd., capable of treating 83 m3/day. This MBR system holds as much
land space as a typical storage container and is capable of producing effluents of CBOD5 < 5.0
mg/L, TSS < 5.0 mg/L, and TP £ 0.1 mg/L.66 Creek Side village is another community in Ontario
that has employed NewTerra Ltd. for the construction of an MBR system to treat their wastewater.
Creek Side Village in Burford has characterized themselves as an environmentally advanced and
low impact development, incorporating MBR technology to handle the wastewater needs of the
community.64
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Conclusion
By the proven studies and experimental data, membranes and membrane bioreactors have shown
superior efficiency compared to conventional wastewater treatment. Membrane filtration has the
ability to be used in many applications in wastewater treatment such as in the final wastewater
effluent treatment, or incorporated into membrane bioreactors, creating a new and improved
method for the treatment of industrial and municipal wastewater. Membrane filtration is also an
essential part of the treatment of drinking water which provides an advanced level of safety and
water quality.

As the data from various membrane bioreactor studies have proven to be a successful method to
treating industrial and municipal wastewater, many companies and cities around the world are
switching to this new technology in order to preserve and sustain their freshwater resources as well
as abide by stringent governmental and environmental regulations. MBRs have the ability to
remove more contaminants than conventional wastewater treatments as well the added advantage
of requiring a smaller operational footprint.

With advanced levels of wastewater contaminant

removal, membranes and membrane bioreactors are the future of wastewater treatment around the
world.
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Appendix 1
The following data was taken from the Bulgarian Journal of Agricultural Science, 16 (No 6)
2010, 700-704 Agricultural Academy

PRELIMINARY STUDY OF THE EFFICIENCY OF ULTRAFILTRATION
TREATMENT OF POULTRY SLAUGHTERHOUSE WASTEWATER

By: D.Yordanov, University of Food Technology, Department of Meat and Fish Technology, BG
- 4002 Plovdiv, Bulgaria
Summary:
A plate and frame ultrafiltration membrane model was used to treat wastewater taken from three
Bulgarian poultry slaughterhouse factories. The membrane consisted of a UF-25-PAN polymer
membrane, operated at a pressure of 4 bar and a flux of 330 L/m2h.

Table 5. Wastewater Characteristics of Poultry Wastewater
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Table 6. Poultry Slaughterhouse Wastewater after Ultrafiltration Process
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Appendix 2
In this study, the performance of two pilot-scale conventional wastewater treatment (CAS)/ultrafiltration
processes and membrane bioreactors were studied to compare the removal rate of several industrial
wastewater contaminants over a 43-day period. Wastewater from industrial facilities including dairy,
welding, metal finishing, beverage, and other factories, was first treated by the Shokouhieh industrial
wastewater treatment plant (WWTP) in Qom, Iran, prior to it mixing with municipal wastewater and
entering the CAS/UF and MBR treatment facility where the study was performed.

The typical

characteristics of the feed water is shown below along with the membrane specifications used in
this study:
Journal of Hydraulic Structures
J. Hydraul. Struct., 2021; 7(2):100-115
DOI: 10.22055/JHS.2021.38884.1193

A comparative study on the use of membrane bioreactor (MBR) and
activated sludge followed by ultrafiltration (CAS/UF) processes for
advanced treatment of industrial wastewater
By: Hossein Sasani and Mahdi Ghasemi
Received: 1 September 2021; Accepted: 30 September 2021
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Table 7. Wastewater Characteristics in Comparative Study of CAS/UF and MBR Wastewater
Treatment Processes

Table 8. Membrane Operating Parameters in CAS/UF and MBR Comparative Study

The operating temperature of the wastewater was maintained between 22-27 °C via a heater. The hydraulic
retention time (HRT) of 8 h and permeate flux of 83 Lm-2 h-1. Transmembrane pressure (TMP) was
continuously monitored by an analogue pressure gauge and no chemical cleaning was performed on the
membranes. The accumulated membrane biomass was removed daily after its concentration reached
approximately 2000 mg/L, and the solid retention time (SRT) was set to 25 days for the study.
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Table 9. Effluent and % Removal of Wastewater Contaminants in CAS/UF and MBR
Comparative Study
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Appendix 3
Various combinations of pressure driven membrane processes have been applied in
wastewater treatment. Provided below are the results of several different membrane
wastewater treatment operations that were applied to numerous types of industrial
wastewater. The study and its corresponding results are summarized below.

Membrane Technologies in Wastewater Treatment: A
Review
By: Elorm Obotey Ezugbe and Sudesh Rathilal
Department of Chemical Engineering, Faculty of Engineering and the Built Environment,
Durban University of Technology, Durban 4000, South Africa; rathilals@dut.ac.za
* Correspondence: elormezugbe.ee6@gmail.com; Tel.: +27-642661348
Published: 30 April 2020
Table 10. % Removal of Various Pressure Driven Membrane Processes
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Appendix 4
An activated sludge (CAS) system, a membrane bioreactor (MBR), and a moving bed biofilm
reactor (MBBR) were compared in the treatment of wastewater from a local textile industry,
Acabats del Bages, S.A. (Monistrol de Montserrat, Spain). The results concluded that the MBR
was the most efficient method of wastewater treatment, of which the chemical oxygen demand
(COD), total suspended solids (TSS), and color removal efficiency were 91%, 99.4%, and 80%
respectively. The MBR used in this study was composed of an aerobic reactor with a submerged
ultrafiltration, polyvinylidene fluoride (PVDF) hollow fiber membrane module, the ZeeWeed-1
(ZW-1) (GE Power & Water, Canada). The study and its results are summarized below.

Treatment of Textile Wastewater by CAS, MBR, and
MBBR: A Comparative Study from Technical, Economic,
and Environmental Perspectives
By: Xuefei Yang , Víctor López-Grimau, Mercedes Vilaseca and Martí Crespi
Received: 17 March 2020; Accepted: 2 May 2020; Published: 5 May 2020

Table 11. Textile Wastewater Influent Parameters
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Table 12. Membrane Operating Parameters in Textile Wastewater Study

Table 13. Input and Output Values of Wastewater in Textile Wastewater Study

*FU = functional unit = 1 m3 of treated wastewater
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